Abstract: Palaeoproterozoic (ca. 1.8 Ga) mafic and ultramafic dykes are widely distributed within the whole Sarmatian segment of the East-European craton. This paper focuses on new geochronological, geochemical and isotope data obtained for mafic and ultramafic dykes of the Ingul terrain. Geochronological data available for these dykes indicate ages around 1800 Ma. We provide a new U-Pb zircon age of 1810 ± 15 Ma obtained for a dolerite dyke in the Kirovograd area. Geochemical and petrographical data allow identification of three groups of dykes: (1) kimberlites, (2) high-Mg# subalkaline rocks (picrite, camptonite, subalkaline dolerite etc.) and (3) tholeiite dolerite. Rocks of these groups were probably derived from different sources. εNd 1800 values of studied rocks vary from 0.7 to 2.8. The highest values were obtained for mantle xenoliths and their kimberlite host (εNd 1800 = 2.5-2.8). Rb-Sr data yield a regression age of 1729 ± 20 Ma with an initial 87 Sr/ 86 Sr = 0.70366 ± 41 (MSWD = 10.8). The whole-rock lead isotope data scatter, but data for sub-groups of samples can tentatively be fitted to parallel 1.8 Ga isochrons. The geochemical data indicate rocks to have formed by partial melting and the degree of melting is thought to be a function of formation depth, the latter ranging from sub-lithospheric to lowercrustal levels; we assume that melting was caused by a mantle plume. Dyking in the Ingul terrain was closely associated in time and space with metasomatic albitites that host numerous economic U deposits.
Introduction
Continental flood basalt (CFB) provinces represent a particular case of large igneous provinces (LIPs) that occur as "anomalous magmatic events … during which large volumes of mafic and generally subordinate silicic and ultramafic magmas were generated and emplaced by processes distinct from those observable at modern plate boundaries, and predicted by plate-tectonic Downloaded by [Naturhistoriska Riksmuseum] at 05:52 01 April 2016
Palaeoproterozoic (c. 1800-1780 Ma) Prutivka-Novogol province that embraces numerous dykes and layered intrusions widely distributed throughout the Ukrainian shield and the Voronezh crystalline massif. Palaeoproterozoic dykes of the North-Western region of the Ukrainian shield have previously been extensively studied and dated (Shumlyanskyy 2008; Elming et al. 2010; Shumlyanskyy et al. 2012; Bogdanova et al. 2013) . However, the dykes of the central part of the shield (Ingul Domain) have been less thoroughly investigated (Nikolsky 1974; Krutikhovskaya et al. 1976; Hrechishnikov et al. 1980 ). More recently, also the kimberlites of the Kirovograd area and their mantle xenoliths have been investigated Bogdanova et al. 2013) .
In this paper we present new whole-rock geochemical and isotope (Sr, Nd and Pb isotopes) data, and geochronological (U-Pb zircon) results obtained for various dykes from the Ingul Domain of the Ukrainian shield. We discuss the origin of these rocks, their relation to coeval dykes found in the North-Western region of the Ukrainian shield, and possible links to regional metasomatic alteration and associated U deposits. theory" (Bryan & Ernst 2008, p. 175; Ernst 2014) . A typical CFB province occurs as a thick pile of basalt-family effusive rocks, distributed over a large area, that got erupted during a relatively short (a few myr) interval of time. Formation of CFB provinces is usually related to the emplacement of a mantle plume that provides both heat required for extensive melting of the mantle and fusible enriched material that melts as plume ascends. Besides basaltic sequences, CFB provinces also include feeders (dykes) and intermediate chambers (layered intrusions). In terms of geochemical composition, rocks of gabbroic (basaltic) composition are predominant, although ultramafic rocks (picrites, meimechites, kimberlites) may also be common, as well as felsic rocks (rhyolites). Thick basaltic sequences are common for relatively young CFBs, while in older (Precambrian) provinces these are often eroded exposing the "roots" of the provinces represented by dykes, sills and layered intrusions.
The Ukrainian shield and its slopes host two Precambrian LIPs -the Vendian (c. 570 Ma) Volyn CFB province in which a c. 400 m thick pile of basaltic rocks is still preserved (Shumlyanskyy et al. 2007; Shumlyanskyy 2012) , and the (Claesson et al., 2015) and the central part of the Ingul terrain, modified after Bogdanova et al. (2013) ; location of the U deposits according to Cuney et al. (2012) . GFF 138 (2016) Geological setting
The studied area is located in the central part of the Ukrainian shield, within the mainly Palaeoproterozoic Ingul Domain (Fig. 1 ). This domain is separated from the neighbouring RosTikych and Dniester-Bug Domains by the Golovanivsk shear zone, and from the Middle Dnieper Domain by the InguletsKryvy Rih shear zone. The oldest supracrustal rocks within the Ingul Domain belong to the Ingul-Ingulets Series that embraces gneisses, schists, amphibolites, quartzites, marbles and calcsilica rocks metamorphosed in epidote-amphibolite to granulite facies (Usenko et al. 1982) . Biotite and garnet-biotite granites together with aplite and pegmatite granites of the Kirovograd Complex form large intrusive massifs, whereas migmatites developed after the supracrustals of the Ingul-Ingulets Series. The ages obtained for the Kirovograd Complex granites vary from c. 2060 to 2020 Ma (Stepanyuk et al. 2012; Shestopalova et al., 2013) , while the Novoukrainka Complex, comprising the large Novoukrainka gabbro-monzonite-granite massif and several smaller massifs, was formed at c. 2040 Ma (Stepanyuk et al. 2005; Cuney et al. 2008) .
The large Korsun-Novomyrgorod anorthosite-mangeriterapakivi granite Plutonic Complex (KNPC) occupies the central part of the domain and cuts all of the above-described rock complexes. The age of the KNPC is defined as 1.76-1.74 Ga . Numerous metasomatic (albitite) uranium deposits are known near the southern contact of the KNPC within rocks of the Novoukrainka and Kirovograd Complexes (Cuney et al. 2012) . Taking into account their absence (and lack of metasomatic mineralization) within the KNPC, it is inferred that they formed before c. 1760 Ma. The age of these deposits is poorly constrained at c. 1810 Ma .
Numerous mafic dykes occur in the Ingul Domain and vary widely in composition, including e.g., dolerite, picrite, camptonite and kimberlite. Dykes are up to 10-20 m wide, steep to subvertical in dip, and some of them can be traced along strike for tens of km. Dykes are especially abundant in the vicinity of the KNPC where they form numerous swarms arranged in a fan-like pattern (Fig. 1) . In the north-eastern part dykes are west-east trending, while towards the south their direction gradually changes to northwest-southeast. According to Bogdanova et al. (2013) dykes converge to a common point west of the KNPC. It is interesting to note that the locus of this fan-like pattern approximately coincides with the area of the most developed Na-metasomatism. Some of the dykes were subjected to Na-metasomatism whereas others cut metasomitized rocks and contain albitite xenoliths; these observations may indicate the presence of several generations of dykes (Tsymbal 2013; Zankevych et al. 2014) . Noting that the dykes cut Palaeoproterozoic granitoids of the Kirovograd and Novoukrainka Complexes, as well as rocks of the Ingul-Ingulets Series; and yet absent in the KNPC and neither present in the adjacent Ros-Tikych and Dniester-Bug Domains (Scherbakov 2005) constrain the age of dykes between c. 2.0 and 1.75 Ga.
Methods
Zircons were separated at the Institute of Geochemistry, Mineralogy and Ore Formation using standard methods. The final selection of the zircon grains for U-Pb dating was done by hand-picking under a binocular microscope. Zircon grains were mounted in a resin puck and polished to half of their thickness. Zircons were analyzed for U, Th and Pb isotopes by the LA-ICP-MS technique at the Museum für Mineralogie und Geologie (GeoPlasma Lab, Senckenberg Naturhistorische Sammlungen Dresden), using a Thermo-Scientific Element 2 XR sector field ICP-MS coupled to a New Wave UP-193 Excimer Laser System. Each analysis consisted of 15 s background acquisition followed by 30 s data acquisition, using a laser spot-size of 35 μm. Raw data were corrected for background signal, common Pb, laser-induced elemental fractionation, instrumental mass discrimination and time-dependant elemental fractionation of Pb/Th and Pb/U. Reported uncertainties were propagated by quadratic addition of the external reproducibility obtained from the standard zircon GJ-1 (~0.6% and 0.5-1% for 207 Pb/ 206 Pb and 206 Pb/ 238 U, respectively). For further details on the analytical protocol and data processing, see Gerdes and Zeh (2006) . Th/U ratios, together with U and Pb contents, were determined from LA-ICP-MS data and calculated relative to the GJ-1 zircon standard; numbers are accurate to within approximately 10%.
Whole Whole rock analyses (major and trace elements) were produced at the CRPG-CNRS laboratory (Nancy; France) and at the Institute of Geology, Tallinn University of Technology. At the CRPG-CNRS laboratory analyses were obtained by ICP-OES and ICP-MS spectrometry (LiBO 2 fusion). Sample preparation, analytical conditions and limits of detection are detailed in Carignan et al. (2001) . At the Tallinn University of Technology ICP-MS analyses were performed using a Thermo Scientific quadrupole X-Series 2 instrument. Whole-rock trace elements were determined from solutions which were prepared following the nitric, hydrofluoric, hydrochloric and boric acids digestion of a 0.250 g pulverized sample in an Anton Paar MW3000 microwave oven. The whole-rock major elements were analysed by XRF from glass disks, which were prepared using a Li-borate mix with pulverized sample (Claisse instrument). The S4 Pioneer Spectrometer (Bruker AXS GmbH, Germany), utilizing an X-ray tube with a rhodium anode, operated with a power of 3 kW.
Petrography
Basically, there are three main mafic and ultramafic dyke types in the Ingul Domain. The first group includes kimberlites, the second group -various high-Mg# subalkaline rocks (picrite, Downloaded by [Naturhistoriska Riksmuseum] at 05:52 01 April 2016 serpentine and talc. Ti-augite occurs as fine crystals or glomerophyric grains which are up to 2-6 mm long. Kaersutite forms rather large (1-2 mm) elongated prismatic crystals that contain inclusions of olivine, Ti-augite and apatite. Some of the kaersutite crystals are rimmed by greenish-blue alkaline hornblende. Biotite associates with amphibole and opaque minerals.
In addition, dykes composed of fresh olivine dolerite prevail in the Bobrynets dyke swarm (Fig. 1) . Dolerites have generally a fully crystalline ophitic texture, while a poikilo-ophitic texture was found in few specimens. Most of the samples contain a small (<5%) amount of plagioclase microphenocrysts. Main rockforming minerals are plagioclase and clinopyroxene whereas olivine, ilmenite, titanomagnetite, pyrrhotite, apatite, quartz, K-feldspar and biotite are minor or accessory phases. The groundmass plagioclase, occasionally reaching 65-70%, occurs as 0.6-1.0 mm long laths composed of andesine-labradorite An 41-67 , whereas tabular porphyric crystals are 2-3 mm long and made of bytownite An [70] [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] [81] [82] [83] 
Geochemistry
The three groups of mafic and ultramafic dykes recognized in the Ingul Domain can also be considered from a chemical point of view (Fig. 2) . Neither of the mentioned rocks contain any significant amount of cumulative phases, so their composition closely corresponds to that of their parental melts, when effects of the secondary alteration are taken into account.
Following the work of and Bogdanova et al. (2013) the first group of high-Mg (Mg# = 74-87) rocks which vary widely in composition (SiO 2 = 33.5-51.0%, TiO 2 = 0.9-4.6%, Al 2 O 3 = 1.5-10.4%, CaO = 3.1-12.4% etc.), is described here as a kimberlite group dominated by micaceous kimberlites or olivine lamproites . These rocks are characterized by very high concentrations of both incompatible and compatible trace elements (Fig. 2) . Investigations of the chemical composition of the Kirovograd kimberlites are complicated by the high degree of alteration that is displayed mainly in an increased concentration of SiO 2 , H 2 O and CO 2 , and decreased abundances of MgO and K 2 O. Large variations in the phenocryst-to-groundmass ratio and the presence of a large amount of xenoliths of variable composition add further complexity. Hence, pronounced evolutionary trends seen on variation diagrams (Fig. 2) may not be related to the real compositional variation of the initial melts.
The second group embraces a large variety of high-Ti mafic to ultramafic subalkaline rocks that range in Mg# from 44 to 70, SiO 2 -from 37.5% to 43.0%, TiO 2 -from 2.7% to 7.8%, Al 2 O 3 -from 6.2% to 13.6% and CaO -from 3.7% to 10.6% etc. The chemical compositions of these rocks presented by Bogdanova et al. (2013) demonstrate a regular variation with Mg#: concentrations of TiO 2 , CaO, Na 2 O, Sr, Nb, Cu and V gradually increase as Mg# decreases, while SiO 2 , Ni and Cr display an opposite tendency (Fig. 2) . A pronounced geochemical feature camptonite, subalkaline dolerite etc.), and the third group embraces tholeiitic dolerites. Dykes of the first and second groups were found in close association in the north-eastern part of the studied area, nearby the city of Kirovograd, whereas the third group, tholeiitic dolerites, is widely distributed elsewhere in the area. According to , kimberlites of the Kirovograd area occur as fine-medium-grained porphyric rocks that contain numerous fragments (xenoliths) of mantle and lower-crustal rocks. Main rock-forming minerals are olivine (50-80%) and phlogopite (10-50%). Less abundant are magnetite, titanomagnetite, diopside, amphibole (tremolite or richterite), carbonates, chromite, apatite, perovskite, sulphides and secondary minerals like serpentine. The nature of carbonates is not always clear; in most cases these minerals are secondary, but primary magmatic carbonates may be also present (as interstitial calcite that is associated with diopside). A calcite-bearing variety of mica kimberlite enriched with apatite (up to 5%) was also noted. Olivine occurs as the earliest mineral in kimberlites where it forms rather large (up to 1-2 mm) porphyritic crystals set in a fine-grained magnetite-carbonate-phlogopite groundmass. Finer olivine crystals are also present. Due to the large degree of secondary alteration, the chemical composition of olivine remains unknown. Phlogopite is the second most important mineral in the rock and occurs as large (2-3 mm) laths that contain numerous inclusions of olivine and opaque minerals. In addition, phlogopite forms abundant microliths that enwind crystals of olivine and fragments of mantle and lower-crustal rocks. Diopside is present in the groundmass where it is extremely unevenly distributed. Its abundance may reach 15-20% to 40-50%, but usually it makes up less than a few %. There are two generations of diopside: the first generation occurs together with olivine and phlogopite as euhedral to anhedral groundmass grains, while the second generation occurs in association with calcite in carbonaterich clusters. One kimberlite sample from the Levekivka kimberlite field ( Fig. 1) was chosen for analysis.
Xenoliths in kimberlites vary in size from discrete grains to large (10-15 cm) fragments with irregular to rounded shape and rough to smooth surface. There are no signs of thermal or metasomatic influence of the host kimberlite on the xenoliths. distinguished five main petrographical types of xenoliths in the Kirovograd kimberlites: (1) predominantly olivine rocks -dunites and peridotites; (2) Cr-spinel-bearing peridotites -harzburgites and lherzolites; (3) garnet-bearing eclogitic rocks; (4) high-Al and high-Fe ultrabasites (orthopyroxenites?); (5) glimmerites. We studied three samples of peridotites. These rocks are usually heavily altered with primary minerals represented by Cr-spinel and, rarely, by clinopyroxene. Olivine-bearing peridotites prevail with olivine having been completely replaced by serpentine. The amount of orthopyroxene may reach 20-30%, whereas clinopyroxene occurs in lower amounts (5-10%). Orthopyroxene is replaced by serpentine, talc and anthophyllite (up to 4% of Al 2 O 3 ), whereas clinopyroxene is usually replaced by carbonate and talc.
Subalkaline dykes prevail within the Ustynivka-Znamyanka dyke swarm ( Fig. 1) , which is located in the central part of the Ingul Domain and was traced for about 100 km, and has a width of c. 30-35 km. The main rock type here is gabbro that consists of various amounts of olivine, Ti-augite, kaersutite, Ti-biotite, plagioclase, potassic feldspar, ilmenite and magnetite. Olivine usually forms large grains or segregations of grains; its concentration may vary along a vertical section of the dyke with some accumulation in the lower parts of inclined dykes. Olivine is usually replaced by Downloaded by [Naturhistoriska Riksmuseum] at 05:52 01 April 2016 GFF 138 (2016 the subalkaline high-Ti rocks, respectively, the tholeiite dykes do not demonstrate any significant variations in abundances of major oxides (Fig. 2) .
The evolutionary trends defined for all three groups of rocks do not follow each other and demonstrate independent behaviour. However, there are some general trends that link all three groups of dykes. For instance, the concentration of Al 2 O 3 and Na 2 O gradually rises from kimberlites to tholeiite dolerites indicating the increased role of plagioclase in the latter. of these rocks is a high to very high concentration of TiO 2 whereas the Nb concentration remains at a relatively low level (30-60 ppm compared to 5-6 ppm in the tholeiite group and 60-385 ppm in kimberlite).
Finally, the third group is represented by typical tholeiite dolerite dykes (Table 1) . These rocks are quite homogeneous in their composition (with the exception of sample 3425/105.0 that is characterized by a high degree of secondary alteration) and their Mg# range from 40 to 60. In contrast to the kimberlites and GFF 138 (2016) times that of the primitive mantle norm. Normalized abundances gradually decrease as the degree of incompatibility of elements decreases. High-Ti subalkaline rocks are less enriched in incompatible elements: concentrations of the most incompatible elements vary from 50 to 100 times that of the primitive mantle, and gradually decrease towards less incompatible elements. Negative spikes of Cs, K and Sr are also pronounced in these rocks, but may be absent in some samples. In contrast to kimberlites, the negative spike of Hf-Zr is completely absent. Tholeiite dolerites have a rather flat pattern of trace elements -their abundances vary from 20 to 8 times that of the primitive mantle norm, with exceptions of Ba and Pb that are more abundant. Tholeiites show relatively weak negative anomalies of Cs, Th, U and Nb (but not Ta). As evident from spidergrams, concentrations of incompatGeochemical differences between the three groups of dykes are easily seen on REE and trace elements spidergrams (Fig. 3) . Kimberlites demonstrate the most fractionated REE patterns [(La/Yb)n = 75-260], high-Ti subalkaline rocks are less fractionated [(La/Yb)n = 9-25], while the REE pattern in the tholeiites is almost flat [(La/Yb)n = 2.6-3.0]. Both kimberlites and subalkaline dykes are enriched compared to tholeiites with respect to light and middle REE, and depleted with respect to heavy REE; rocks of all groups have about the same concentration of Ho. No kimberlitic rocks display a Eu anomaly, whereas all rocks show strong negative Cs, K, Sr and Hf-Zr anomalies.
On a primitive-mantle-normalized spidergram kimberlites demonstrate an extremely high enrichment of the most incompatible elements -their concentrations vary from 100 to 700-800 Fig. 3 . Chondrite-normalized [according to Taylor and McLennan (1985) ] REE distributions and primordial mantle-normalized [according to McDonough et al. (1992) ] trace element distributions in dykes of the Ingul terrain of the Ukrainian shield (chemical analyses from Bogdanova et al., 2013 , and new analyses by the authors). ible trace elements decrease from kimberlites through high-Ti subalkaline rocks to tholeiites. The same can be said with respect to the compatible trace elements -Ni and Cr.
Isotope composition
Strontium, Nd and Pb isotope compositions were measured in 10 samples that include 3 mantle xenoliths in kimberlite, 1 kimberlite rock, 2 subalkaline mafic rocks and 4 tholeiite dolerites (Table  2) . In spite of a large variability of studied lithologies and their partly altered nature, these display similar isotope systematics with tendencies for analytical data to define linear relationships. For instance, eight samples (a highly altered dolerite sample, 06-BG21, is excluded) can be fitted to a Sm-Nd regression (MSWD = 0.92, Fig. 4 ) that yields an age of 1566 ± 95 Ma with an initial 143 Nd/ 144 Nd = 0.510571 ± 79 (εNd = −0.8). This age is about 200 myr younger than the expected age of the rocks, so the εNd value based on the isochron age is considerably lower than individual εNd values calculated at e.g., 1800 Ma, an age consistent with field relationships and radiometric data presented in this study. However, it seems more sensible to consider isotope data representing groups of samples with similar chemistry. Despite the existence of more or less severe alteration features, it is shown in Fig. 4 that three straight-lines, equal to 1.78 Ga isochrons, can be reasonably well fitted to data points representing each of the identified rock types. This is apparently suggesting that the different lithologies could represent Sm-Nd systems which have stayed approximately closed on a wholerock scale. Although there is a limited spread in Sm-Nd data and only few available analyses, the tentative development of discrete linear arrays in Fig. 4 is corroborated by the observation that each rock type appears to define its own εNd 1800 signature (Table 3 ). In general, εNd 1800 values vary in studied rocks from 0.7 to 2.8, with the highest values obtained for mantle xenoliths and their host kimberlite; these latter values are considerably lower than those which can be expected for the contemporaneous depleted mantle (DePaolo, 1981) .
There is also a tendency for Rb-Sr data to define straightline relationships (Fig. 4) . Commonly, the Rb-Sr system does not remain closed subsequent to the time of rock emplacement. Three samples, including the highly altered dolerite (06-BG21), a kimberlite (4097-VII-319.8), and a peridotite xenolith from the same drill core (4097-VII-319.8), have variable initial Sr isotope ratios, but the remaining seven specimens display consistent initial (t = 1800 Ma) Sr isotope ratios that are close to 0.703. It is noteworthy that no systematic difference of 87 Sr/ 86 Sr 1800 values can be seen between mantle xenoliths, subalkaline rocks and tholeiite dolerites. A straight-line defined by the eight samples corresponds to an age of 1729 ± 20 Ma, with an initial 87 Sr/ 86 Sr = 0.70366 ± 41 (MSWD = 10.8), that still is in agreement with field constraints. This regression due to the high MSWD cannot be regarded as a true isochron, but it still can serve as indication of the similarity of three groups of dykes in terms of their ages and initial Sr isotope compositions.
The Pb isotope data scatter significantly and the data points do not form any well defined linear arrays (Fig. 5 ). Yet, by checking the possibility of fitting data to a 1.8 Ga isochron, it appears that four data points (the two sub-alkaline dykes, the kimberlite and the altered dolerite; 06-BG21) give a decent fit (1793 ± 160 Ma, MSWD = 15). The other dolerites cluster in a position below GFF 138 (2016) that yielded an age of 1774.3 ± 7.4 Ma. Finally, Tsymbal et al. (2011) quoted results of U-Pb zircon dating of two mafic dykes: one dyke associated with kimberlites near city of Kirovograd defined ages in the range 2056-2046 Ma, whereas another dyke located some 50 km eastwards yielded zircon ages from 2074 to 2041 Ma. We interpret these zircons as inherited from granitic rocks that are widely distributed in the area (Fig. 1) . In order to better constrain the age of the mafic dyke magmatism in the Kirovograd area we sampled one dolerite dyke (sample 1098) within the Lelekivka kimberlite field (Fig. 1) . Only a few zircons grains could be separated, and these are prismatic, c. 0.1 mm × 0.3 mm in size, with poorly developed di-pyramidal facets. Grains are euhedral, colourless, transparent and contain numerous fine inclusions. Cathodoluminescence imaging reveals simple zonation (Fig. 6 ). Four individual U-Pb single-grain analyses were carried out (Table 3) , and two of the analyses are 100% concordant, the third is 99% and the fourth is 97% concordant. The concordia age is 1810 ± 15 Ma (Fig. 7) , and is interpreted to date the emplacement of the dyke. Other possibility is that these zircons could have been captured from the wall rocks as may be suggested from their slightly variable appearance and rounded crystal shape. However, we regard this possibility as unlikely as host rocks of this age are unknown in the area.
the four-point linear array, whilst the three xenoliths hosted by kimberlites exhibit highly variable Pb isotope compositions. Two samples (one of the xenoliths and the altered dolerite) have 206 Pb/ 204 Pb ratios exceeding 30 implying a considerable in situ growth of uranogenic lead (requiring an elevated U/Th ratio in rocks) after rock crystallisation. If it is assumed that ~1.8 Ga samples represent closed isotope systems and a narrow range of emplacement ages, then it can be deduced that rocks must be characterized by a range in their initial Pb isotope ratios.
Geochronology
Geochronological data regarding dykes of the Ingul terrain are scarce. These include a K-Ar age at 1900 Ma for phlogopite separated from a mica-bearing picrite (Nikolsky 1974) , and several whole-rock K-Ar dates that vary from 1100 to 1700 Ma (Hrechishnikov et al. 1980) . A 1800 Ma age for kimberlite dykes using the K-Ar method was quoted by , whereas Yutkina et al. (2005) applied the Rb-Sr method to establish a 1770 ± 9.4 Ma age of the Kirovograd kimberlites. Shumlyanskyy et al. (2010) reported U-Pb SIMS results of zircons from a dolerite dyke exposed in the Subotsy quarry Sr 1800 versus εNd 1800 plot (C) for dykes and xenoliths in kimberlites of the Ingul terrain of the Ukrainian shield. Empty box in (B) indicate sample that was not used for the isochron calculation, whereas shaded area in (C) indicates isotope compositions of contemporaneous tholeiite dykes of the North-Western region of the Ukrainian shield (data for the North-Western region is from Shumlyanskyy (2008) and Bogdanova et al. (2013) 
Discussion

Origin of initial melts
An abundant mantle melting can be explained by three scenarios (e.g., Ernst 2014, and references therein): elevated water content, a drop in pressure (decompression), and an increase in mantle temperature. Among all these scenarios an increase of mantle temperature is the only substantial possibility in the intraplate setting (see Ernst 2014 , for discussion). There are evidently several viable mechanisms that can cause a thermal anomaly 50-200 °C above ambient mantle temperatures that is required for onset of melting. If bolide impact and processes related to the plate-boundary processes are excluded, then two main possible mechanisms that are able to entail melting remain, namely: different varieties of the mantle plume model, and delamination of lithosphere. The mantle plume model foresees an upward movement of a large mass of hot mantle material. As it reaches the base of the lithosphere, it starts to spread beneath the lithosphere, causing domal uplift and extension of lithosphere that eventually may lead to rifting. All these factors cause melting of the plume, and, possibly, lithospheric material. In the second model the delamination of lithosphere causes upward flow of asthenospheric material into the lithospheric hole that appeared due to delamination. This asthenospheric material can melt adiabatically during descent. In the case of the Ukrainian shield the delamination might have been caused by collision of Sarmatian and Fennoscandian segments of the East-European platform which occurred shortly before 1800 Ma (Bogdanova et al. 2008 ).
There are several diagnostic characteristics of plume involvement (Ernst 2014) , that include, among others: oceanisland basalt (enriched) composition, depth range of melting, high degree of melting and presence of high-Mg melts. The plume-related magmatism usually span less than 10-15 myr and in many cases rocks are emplaced in only a few myr or less (see Ernst 2014 , and references therein), that makes distinguishing of several pulses of magmatism especially hard task.
The three groups of dykes, defined above, demonstrate significant differences in their geochemical composition and do not form continuous trends in chemical variation diagrams (Fig. 2) . Therefore, these groups of dykes are not thought to be related to each other by fractional crystallization of a single initial melt, but were probably derived from different sources. Whereas geochemical data indicate certain variability in the sources for magmas generating the different dyke types, the isotope data instead reflect overall similarities in their magma sources.
Before evaluating the significance of the radiogenic isotope data it necessary to clarify whether isotope data are reflecting primary, unaltered conditions and, if so, may be modelled by a single stage evolution, or whether they are significantly affected by secondary processes. The calculated nine-point Sm-Nd isochron age of 1.56 Ga is essential in this respect. There is no field evidence arguing for any kind of post-1.75 Ga geological event to have affected the country rocks, and neither are there any isotope data from wall rocks in the Ingul Domain indicating a 1.56 Ga event. The relatively uniform εNd 1800 values for the respective dyke type and the tendencies for isochrons to be developed in all of the studied isotope systems would support that isotope data are essentially consistent with a single stage evolution; 1800 Ma to the present time. The fact that there are secondary mineral parageneses, involving e.g., calcite, talc and serpentine, developed in different dykes, must also be considered. The lack (2016) of geological and isotope evidence for the existence of a post-1.75 Ga event would imply that it is most likely that secondary mineral formation is linked to a late stage of the magmatic evolution. It is possible that a secondary alteration of rocks took place as part of the regional metasomatism that apparently occurred between 1.8 and 1.75 Ga. The elevated uranogenic Pb isotope ratios of several samples would be given a reasonable explanation if uranium was added to rocks in connection with metasomatism. The development of secondary mineral assemblages and possible interaction with external fluids may have led to some influence on the isotopic systems, but this effect is probably minor given that the volumetrically dominant primary mineral phases are likely to control the bulk isotope budgets, and therefore the obtained whole rock isotope composition. Nonetheless, there are apparent distinctions between isotopic systems and an example is given by one dolerite (3417-45.3) which shows similarities with the three other analysed dolerites with respect to the Rb-Sr and Sm-Nd system but deviates in the Pb-Pb system. Although it is important to avoid putting too much weight on results for single samples, calculated or inferred (Pb-Pb system) initial isotope compositions may be used to shed further light on the source of rock-forming magmas. The noted scatter in isotope data, leaving out the samples with geologically unlikely initial Sr isotope ratios, would then basically reflect isotope heterogeneities in newly crystallized rocks some 1.8 Ga ago. Likewise, the enriched chemical nature of rocks is interpreted as a primary feature and not as a result of sub-solidus alteration processes. The samples forming part of this study are petrologically and chemically different, and are sampled within a large region, and a perfect linear alignment of all samples in isotopic diagrams is hardly an expected feature. Still, a linear alignment in Sm-Nd and Rb-Sr isochron diagrams indicates that involved magma sources had broadly similar isotopic characteristics. Uniform 87 Sr/ 86 Sr initial ratios (1800 Ma) of around 0.703 for most samples, and initial Nd isotope ratios between c. +1 to +3 seem to suggest a mildly depleted source rather than indicating a depleted mantle origin. Pb isotope data also indicate a relatively enriched source for certain samples. This is based on a comparison between the linear array displayed in Fig. 5 and the isotope composition of average crustal lead according to the Stacey and Kramers (1975) these rocks (Fig. 3 ) supports some influence of crustal material on the tholeiitic chemistry. It is further inferred from the Dy/Yb versus La/Yb plot (Fig. 8 ) that there is a gradual change in the degree of melting characterizing different dyke types, with kimberlitic melts produced by a low-degree fusion at great depths in contrast to more pronounced melting at shallower depths leading to formation of tholeiitic melts. This diagram, however, cannot be used to set any constrains on the temporal evolution of the sequential melting process. Given the current lack of precise ages, it remains an open question if the zone of partial melting ascended from a sub-lithospheric depth to the lower-crustal level with corresponding increase of the degree of melting, or if a reverse process took place; i.e. a progressive deepening of the melting site which was accompanied by a decrease of the degree of melting.
Even if the obtained isotope data are reflecting the true isotopic signatures at the time of crystallisation, it is not selfevident that such signatures are properly revealing the isotopic features of the initial melts. Kimberlitic magmas are known to frequently assimilate higher-level crustal material during ascent, xenoliths are obviously not representative of an initial melt, and for instance the dykes dated by Tsymbal et al. (2011) in the Ingul Domain carried inherited zircons which is suggesting an assimilation of locally available crustal rocks. Although there is no obvious relation between εNd (and initial Sr and Pb isotope two-stage evolution model (μ 2 = 9.74) for terrestrial lead. If this linear array is extrapolated towards less radiogenic values, it is seen to pass above the point representing 1750 Ma in the Stacey and Kramers (1975) model. This relationship implies that the source of ≥1.75 Ga magmas representing data points on the linear array must have had an evolved μ 2 value that is well above any typical value for a depleted mantle.
Geochemical data indicate that an initial kimberlite melt is a product of low-degree melting of a garnet-bearing mantle peridotite at great depth, in the lower part of the subcontinental lithospheric mantle. On the Ba/Nb-Zr/Nb diagram (Fig. 8 ) the high-Ti subalkaline dykes plot close to the enriched mantle sources (HIMU and EM) that probably indicate their derivation directly from material of the mantle plume. On the same diagram, kimberlites are displaced towards low Ba/Nb and Zr/ Nb values that are due mainly to the very high concentrations of Nb in the Kirovograd kimberlites. To explain the extremely high concentration of incompatible trace elements in kimberlitic melts we have to accept a very low (fractions of a percent) degree of selective partial melting of the enriched plume material.
As can be seen from the Ba/Nb versus Zr/Nb plot (Fig. 8) , tholeiite dolerites are displaced towards the area defined by lower crustal values. This indicates an involvement of lower crustal components during melting processes that created the initial tholeiitic melts. Also the negative Nb-Ta anomaly visible in Fig. 8 . Dy/Yb versus La/Yb (A) and Zr/Nb versus Ba/ Nb (B) plots for dykes and xenoliths in kimberlites of the Ingul terrain of the Ukrainian shield. A. The increase in Dy/Yb reflects the increased depth of melting and decreasing La/Yb reflects an increase in the amount of partial melting (Riley et al., 2005) . This is because Dy/ Yb ratio is determined by the amount of garnet in the mantle restite which is thought to increase with depth causing the more fractionated REE pattern (higher Dy/ Yb) in the equilibrium melt. At the same time, partition coefficients for light REE in garnet and most other fusible minerals in equilibrium with mafic melts is less than 1. So, light REE will preferentially be partitioned into the melt at the very low degrees of melting, causing high La/Yb; as degree of melting increases, involvement of olivine in the melting will cause decrease in La/Yb. According to our data, tholeiite dolerites were formed at shallower depth and higher degree of melting, in contrast to kimberlites that originated due to low-degree melting at great depth. B. Abbreviations for reservoirs: LCC -Lower Continental Crust; MORB -Mid-Ocean Ridge Basalts; EMI -Enriched Mantle type 1; EMIIEnriched Mantle type 2; HIMU -reservoirs with highly radiogenic Pb isotope ratios (high μ). The Zr/Nb and Ba/ Nb values are according to Weaver (1991) (MORB, EM and HIMU) and Rudnick and Gao (2003) (LCC) . Zr/Nb ratio varies opposite to La/Yb, i.e. increases as degree of melting increases. This is due to the much higher partition coefficients for Nb than for Zr (Kamber and Collerson, 2000) . As a result, the low-degree melts contain a lot of Nb, leaving a residue depleted in Nb and still relatively rich in Zr. As melting proceeds, the residue continues to supply Zr that results in a gradual increase of Zr/Nb. Ba/ Nb is high in the continental crust and is a good proxy of crustal contamination. Kimberlites and subalkaline high-Ti rocks plot close to the enriched mantle fields, indicating their enriched source, in contrast to the depleted mantle source of the MORB. The tholeiitic dolerites are displaced towards the lower crustal value that evidences about the lower-crustal contamination. GFF 138 (2016) flood basalt sequence and are separated from its main part by an unconformity.
There are two main hypotheses that attempt to explain the origin of these two types of melts; (i) chemically distinct melts develop as a result of different degrees of partial melting of the mantle material (Peate 1997) . This is explained either (1) by assuming that the distance from the axial part of the mantle plume is crucial; low-Ti melts develop due to a high degree of melting in the hot axial part of the plume, while high-Ti melts form at lower degrees of melting in the colder peripheral areas (Fodor 1987); or (2) by arguing that the difference in the lithosphere thickness controls the degree of melting of the sublithospheric asthenosphere. According to this model, the degree of melting beneath the thick lithosphere is very limited and occurs in the presence of residual garnet that results in the formation of highTi melts enriched in incompatible elements. A more shallow fusion beneath the thin lithosphere within the stability field of spinel leads to a larger degree of melting and the equivalent melt corresponds to low-Ti basalts (Arndt et al. 1993) ; (ii) variable melt compositions are thought to be related to differences in the chemical composition of the mantle sources (Arndt and Christensen 1992; Peate and Hawkesworth 1996; Smithies et al. 2005) , or melt compositions are controlled by differences in the chemical composition of the lithospheric mantle (Gibson et al. 1996; Peate 1997) which is believed to serve as a source for the initial melts or act as a contaminant of the sublithospheric mantle melts.
There are no systematic variations in Nd, Sr and Pb isotopic composition between low-Ti and high-Ti rocks in the Ingul Domain which can help in understanding their origin, and basically different rock types may plot on common linear arrays. Tentatively, this is advocating for a gross isotopic similarity between sources representing different levels in the mantle-crust cross-section, and for a limited assimilation of isotopically distinct material. An alternative explanation where contamination processes causes a broad isotopic similarity of rocks that originally had quite contrasting isotopic signatures appears less likely. With this in mind, the geochemical features for the different dyke types may indicate a different extent of melting of the same (or similar) material at different depths, with a limited lower crustal contamination in the case of lowTi tholeiites. One point to also keep in mind is that although compositions) and La/Yb, a weak dependence on the Dy/Yb ratio may be discerned (Fig. 9 ). This may indicate that the degree of partial melting was not the main factor controlling the isotopic composition of the melts, but the possibility of crustal assimilation during ascent makes it impossible to draw any firm conclusions. Additional isotope work, also including mineral separates, will be needed in order to advance the understanding about variations in Sr, Nd and Pb isotope compositions and whether or not these are reflecting real isotopic variation in the lithosphere's vertical section, or if they simply are a function of the degree of crustal contamination. It appears possible, however, on the basis of Pb isotopes and the assumption that no lead mobilisation affected rocks after their crystallisation, that ascending magmas must have interacted both with upper crustal (cf. samples on the linear array) and lower crustal lithologies (cf. the retarded 207 Pb/ 204 Pb value of the kimberlite). The large range in calculated Th/U ratios (Fig. 5 ) cannot be linked to magma characteristics as such ratios obviously could be affected by a U metasomatic event, and therefore the obtained 208 Pb/ 204 Pb ratios of rocks probably are a combined result of crustal assimilation and late-stage alteration influencing the primary melt compositions. It may also be noted that the xenoliths in kimberlite are isotopically distinct from each other and also different from the kimberlitic signature suggesting that xenoliths were assimilated at different depths and from isotopically different rocks.
High-Ti subalkaline and low-Ti tholeiitic melts
There is a clear division of effusive rocks in many LIPs into highTi and low-Ti subtypes. Rocks that belong to the high-Ti subtype are regularly enriched with respect to incompatible elements and demonstrate more fractionated REE pattern as compared to their low-Ti counterparts. Moreover, these two subtypes can be spatially detached and either occur in separate areas or constitute different parts of a vertical rock section (e.g., Ernst 2014, Section 10.5.3). As an example, effusive rocks of the Vendian Volyn flood basalt province located at the western slope of the Ukrainian shield can be divided into low-Ti and high-Ti subtypes, with the latter being significantly enriched in incompatible trace elements and having a fractionated REE patterns (Shumlyanskyy2012). The high-Ti basalts occur exclusively in the top part of the Fig. 9 . εNd 1800 versus Dy/Yb plot that demonstrates relationships of Nd isotope composition with depth of the source (see Fig. 8 ), and shows gradual depletion of the source with increase of its depth. Downloaded by [Naturhistoriska Riksmuseum] at 05:52 01 April 2016 radiogenic Sr isotope composition compared to the crust in the North-Western region. Nonetheless, tholeiites in both areas of the Ukrainian shield are similar in terms of age and chemical and isotope composition, and we consider that these rocks belong to the same igneous event and represent parts of a single Palaeoproterozoic LIP.
Taking into account the wide spatial distribution of the mantle-derived rocks, their geochemical composition indicative of a mantle source enriched in incompatible elements in relation to the source of mid-ocean ridge basalts, and a wide range of melt compositions formed at different depths, we assume that melting was caused by a mantle plume. In favour of this hypothesis is the work by Cuney et al. (2012) who suggested that metasomatic activity in the Ingul terrain was triggered by the onset of a mantle plume. This assumption is supported by geophysical data reported by Kazansky (2013) , and by spatial and secular coincidence of the mantle-derived dyke magmatism and metasomatic activity. A different explanation of origin of the Palaeoproterozoic dykes of the Ukrainian shield was presented by Bogdanova et al. (2013) who suggested that formation of the dykes was related to convergent tectonics and collisional orogeny due to oblique collision of the Volgo-Sarmatian and Fennoscandian segments of the East-European platform and subsequent rotation of the newly formed continental block.
Connection to the U deposits
Dyking in the Ingul terrain occurred nearly simultaneously with the formation of numerous U deposits related to albitites of metasomatic origin. Two efforts to date albititisation resulted in ages at 1818 ± 42 and 1808 ± 27 Ma ). Uranium-bearing metasomatites cut across the Novoukrainka and Kirovograd granites and metamorphic rocks of the IngulIngulets Series (Cuney et al. 2012) . Their xenoliths were found in kimberlites and subalkaline rocks (Tsymbal 2013) , whereas Zankevych et al. (2014) mentioned that some of the mafic dykes were affected by the Na metasomatism.
All U deposits are located within the Subotsy-Moshoryn tectonic zone, relatively close to the contact of the KNPC (Cuney et al. 2012) . Besides albitites, this tectonic zone accommodates numerous mafic and ultramafic dykes. The U deposits are unknown within the KNPC, although small metasomatic bodies occur also in the extreme south-western part of the KNPC (Kalashnik and Moskalenko 2010) , that may indicate a prolonged period of metasomatic activity. In any case, the location of the U mineralization is controlled by the same crustal structures that apparently also controlled the distribution of mafic and ultramafic dykes in the area (Kalashnik and Moskalenko 2010) , and the ages of dykes and mineralizations are broadly similar.
Conclusions
A large number of mafic and ultramafic dykes widely varying in composition are known in the Palaeoproterozoic Ingul terrain, located within the central part of the Ukrainian shield. Geological relationships constrain the time of dyke emplacement to between c. 2020 and 1760 Ma, whereas scarce geochronological data indicate ages around 1800 Ma. These ages are in good agreement with ages of similar dykes which are widespread in the NorthWestern region of the Ukrainian shield. the three groups of Ukrainian dykes are spatially juxtaposed, tholeiitic melts can be transported laterally for hundreds and even more than a thousand kilometres away from a plume source (Ernst 2014) . However, kimberlite dykes are emplaced mostly vertically. In such a scenario, the source mantle for the tholeiitic dykes could be hundreds of km away or more (where the lithosphere is already thinned) from the present site, while the kimberlites are being vertically emplaced from regions located beneath thicker lithosphere. An analogue is the Deccan volcanism that extends for at least 800 km into eastern India reaching the area of the Bastar craton. The feeder system of dykes can be traced eastwards for more than 600 km along the Narmada-Tapti rift from the Deccan plume centre on the western side of India. Coeval kimberlites are found in the Bastar craton on the eastern side of the Indian craton nearly 800 km from the plume centre (e.g., Lehmann et al. 2010) . Tentatively, these tholeiite dykes were generated from sources beneath a lithosphere that might have become thinned due to material removal by the Deccan plume, whilst the kimberlites were generated from a portion of the plume head that extended beneath the thick lithospheric root of the Bastar craton 800 km to the east. The possibility of a distal transportation of the tholeiitic melts does not preclude the mantle plume model, but rather prompts similarity in isotope compositions of melts spatially juxtaposed at the surface.
Relation to the 1790-1780 Ma Ni-rich dykes of the North-Western region of the Ukrainian shield
Numerous dykes of Ni-rich tholeiitic dolerites, as well as several layered 1.79-1.78 Ga gabbroic intrusions are widely distributed within the North-Western region of the Ukrainian shield Bogdanova et al. 2013; Shumlyanskyy et al., this volume) . Dykes of sub-alkaline gabbro and alkaline ultramafic intrusions of presumably the same age are also known. The newly obtained U-Pb age for the dolerite dyke in the Kirovograd area confirms a wide geographical distribution of this ca. 1790-1780 Ma magmatic event within the Ukrainian shield and adjacent Voronezh massif. Thus, this Palaeoproterozoic LIP embraced large regions of Sarmatia and included a wide range of the mantle-derived melts.
Currently, the studied Ingul kimberlite and high-Ti subalkaline groups of dykes are not known to have any counterparts in the North-Western region of the Ukrainian shield. However, as noted above, tholeiitic dolerites are widely distributed in the NorthWestern region and there is a geochemical similarity between tholeiitic dolerites in these two regions (Figs. 2 and 3 ). The main difference is a lower concentration of Ni (c. 40 ppm) in tholeiites of the central part of the Ukrainian shield compared to corresponding rocks in the North-Western region (c. 90 ppm), although some low-Ni tholeiite dykes of this age are also found in the latter area.
Low-Ti tholeiite dykes in the both regions of the Ukrainian shield reveal similar Sr and Nd isotope composition (Fig. 4) , although on the average the tholeiites of the North-Western region have more radiogenic Nd and less radiogenic Sr isotope composition. Part of the difference in the Sr isotopic signature may be due to open Rb-Sr systems (elevated, calculated initial Sr rock values result from a partial Rb loss). Yet, certain differences in isotopic character between regions are probably explained by the crust in the central part of the Ukrainian shield being overall older and with a less radiogenic Nd and more Downloaded by [Naturhistoriska Riksmuseum] at 05:52 01 April 2016
Geochemical and petrographical data allow identification of three groups of dykes which are not related to each other by fractional differentiation of a single initial melt. The first group of dykes includes kimberlites that are the product of low-degree melting of a garnet-bearing mantle peridotite in the lower part of the subcontinental lithospheric mantle. Numerous xenoliths of peridotites hosted by kimberlites probably represent fragments of the mantle source. The second group of dykes includes highTi subalkaline mafic and ultramafic rocks that were probably derived from geochemically enriched source materials. Finally, the third group of dykes are tholeiite dolerites that bear a significant geochemical signal of lower-crustal contamination.
Taking into account the wide spatial distribution of the mantle-derived rocks, their geochemical composition indicative of enriched-mantle sources, and the wide range of melt compositions formed at different depths, we assume that melting was caused by a mantle plume. In this context, geochemical data indicate varying depths of partial melting for the different dyke groups, from sub-lithospheric (small degree of melting) to higher sub-crustal levels (higher degree of melting). The duration of the indicated progressive change of the locus of melting is not known, but a certain age difference (few myr) would be predicted between the different dyke types which all occur within a restricted region. As yet no radiometric data are available to set further time constraints on dyke emplacement. Additional insight into the differences in dyke chemistry within the mantle plume model is provided by the knowledge that doleritic dykes can be emplaced laterally for long distances (hundreds of kilometers or more) from the plume centre region, and from this follows that the source area for the dolerites can be distinct from that of the kimberlite dykes which are likely to be emplaced vertically.
Dyking in the Ingul terrain was closely associated in time and space with metasomatic albitites that host numerous economic U deposits. This association is apparently not accidental, and both dyking and metasomatism were likely related to the onset of a mantle plume.
